A number of polyamine derivatives have demonstrated potential as therapeutic agents. For example, 1,12-bisethylspermine and bisnaphthalimide (elinafide) are currently in phase I clinical trials for the treatment of certain cancers. Here, the biological activities of two new groups of polyamine derivative, namely the oxapolyamines and the bisnaphthalimides, are presented. The most active compounds in the oxa-polyamine and bisnaphthalimido series possessed IC 50 values of 2.93 and 1.38 µM, respectively, against MCF7 cells after 48 h of exposure. The structure-relationship activities of each group of compounds are discussed. Bisnaphthalimido compounds are DNA-binding agents. Addition of the bisnaphthalimides PK3, PK4, PK5, PK6 and PK7, at a concentration of 10 µM, to the calf thymus DNA duplex increased the T m of DNA by 11.55 ± 0.56, 14.545 ± 1.59, 6.23 ± 2.45, 12.56 ± 1.84 and 16.45 ± 0.39
Introduction
Polyamines are nitrogen-bearing long aliphatic polycation chains and they have been shown to play an essential role in cell growth proliferation [1] [2] [3] . Polyamine analogues and derivatives have shown potential as therapeutic agents. For example, the N-alkylated analogues of natural polyamines exhibit strong cytotoxic activity against human tumour cell lines [3] and bisethylspermine is currently undergoing pre-clinical trials as an anticancer agent [4] . Amino-oxy polyamine analogues, for example amino-oxy propylamine, are inhibitors of the biosynthesis of natural polyamines and at the same time suppress proliferation of cancer cells [5, 6] .
DNA-binding compounds have the potential to exert anticancer activity. Naphthalimides and bisnaphthalimides are cytotoxic DNA-intercalating agents [7] . Bisnaphthalimide diamine, or elinafide (Figure 1 ), is currently undergoing pre-clinical trials [8] .
Oxa-polyamine
In this paper we present observations on the cytotoxic properties of two new groups of polyamine compound, the oxa-polyamines and the bisoxynaphthalimides. In 1994 we reported the synthesis of oxa-spermidine and oxaspermine (see compounds A-C in Figure 1 ) [9] . The parent oxa-spermidine and oxa-spermine did not show any biological activity. However their sulphoamino derivatives exhibited cytotoxicity against a panel of human tumour cells. We found that as the length of the alkyl chain increases on one side of the amino-oxy functionality, the activity decreases [10] [11] [12] .
Because the oxa-spermine derivatives were chosen for in vivo screening by the National Cancer Institute (NCI), we have focused our attention on the mode of cell death induced by the presence of these compounds. Compounds B and C showed strong cytotoxic properties against, MCF7 cells with IC 50 values of 4.35 and 2.93 µM, respectively. Furthermore, MCF7 cells incubated with compound B for 8 h exhibited morphological changes such as chromatin condensation and nuclear DNA fragmentation typical of apoptosis. However, DNA 'laddering' was not obtained with MCF7 cells treated with compounds B and C. It is interesting to note that compounds A, B and C enhanced polyamine oxidase activity with A and C showing the greatest effect (5-fold compared with the control). MCF7 cells treated with compounds A, B and C showed no significant change in the level of spermidine and spermine when compared with controls [13, 14] .
The proliferation of human leukaemia cells (HL-60) was reduced after 24 h treatment with 5 and 10 µM B and C and following 72 h treatment with 1 µM B or C. A dose-and time-dependent increase in Trypan Blue uptake was observed from 24 to 72 h after the addition of the oxapolyamines B or C. Flow-cytometric analysis (using FACScalibur; Becton Dickinson, Oxford, U.K.) of the laser light forward-and side-scatter characteristics of cells treated with 1-10 µM oxa-polyamines B and C revealed a doseand time-dependent decrease in the size (forward scattering) of cells within the culture, relative to the negative control population. However, for each time interval examined, a diversity of internal cellular complexity was observed with cells possessing varying side-scatter characteristics relative to the negative and positive control population. An increase in the side-scatter characteristics combined with decreasing forward scatter was more prevalent in cultures treated with etoposide, a known apoptosis inducer, than in response to B and C treatment.
Changes to plasma membrane structure and permeability were assessed by the flow-cytometric detection of differential uptake of YO-PRO-1 and propidium idodide (PI) dyes (Molecular Probes, Leiden, The Netherlands) and also by the detection of phosphatidylserine (PS) exposure in combination with PI exclusion (Bender MedSystems, Towcester, Northants., U.K.). During apoptosis, early changes in membrane permeability may be detected by uptake of the green fluorescent dye YO-PRO-1 while PI is excluded [15] . In addition, the translocation of PS from the inner to the outer leaflet of the plasma membrane is an important marker of the early stages of apoptosis [16] . This externalization of PS can be detected via the binding of suitably labelled annexin-V, e.g. conjugated to the fluorochrome FITC, to plasma membranes that retain the ability the exclude PI.
During the first 24 h of treatment with <10 µM B or C, there was an absence of annexin V-FITC binding or membrane-permeability changes. Treatment with 10 µM oxa-polyamines induced an uptake of PI largely without any prior increase in YO-PRO-1 staining. The binding of annexin V in the absence of PI uptake was only observed in a minority of cells. Annexin V-FITC labelling in the absence of membrane damage was considerably more prevalent in response to etoposide treatment. Apoptosis-associated DNA fragmentation [17] was assessed via flow-cytometric detection of the sub-G 1 DNA content [18] . During the first 24 h of treatment there was no evidence of DNA fragmentation in response to 1 or 5 µM of B or C but at 10 µM, B and C induced an increase in the proportion of cells with a sub-G 1 DNA content. However, attempts to detect internucleosomal DNA fragmentation via electrophoretic separation of 'DNA ladders', a frequent though not universal feature of apoptosis, resulted in either no or only faint ladders being detected. Etoposide-exposed cells possessed both intense 'DNA ladders' and a pronounced sub-G 1 DNA content. Thus a proportion of the oxa-polyamine induced sub-G 1 DNA 'peak' may have arisen from the detection of PI-stained cell fragments arising from a non-apoptotic cell death resulting from rapid membrane damage [19] .
Although the mechanism of oxa-polyamine-induced cytoxicity remains to be fully elucidated, with respect to concentration-and time-dependent effects, no clear evidence for the occurrence of apoptosis has been identified. A thorough morphological assessment of the progress of cell demise is being instigated to resolve the contribution of apoptosis and oncosis to oxa-polyamine-induced cytotoxicity within HL-60 cells.
Bisnaphthalimides
Bisnaphthalimido compounds linked with a linker alkyl chain with two nitrogen atoms have shown anti-tumour activities and are potential therapeutic agents [8] . However, these compounds tend to be very insoluble, making testing difficult. We have designed and synthesized bisnaphthalimido compounds with alkyl chains with more than two heteroatoms, including nitrogen and oxygen atoms (PK3-PK7, Figure 1 ). These compounds had shown improvement in solubility with the compound containing four nitrogens and two oxygens in the linker (PK7) exhibiting the highest solubility [20, 21] .
A comparative study of the in vitro cell-growthinhibitory activity of the five new bisnaphthalimido derivatives (PK3-PK7) on MCF7 cells revealed that PK4 and PK3 exerted the highest cell-growth-inhibitory activity, with IC 50 values of 0.73 and 5.5 µM respectively. The other bisnaphthalimido compounds (PK6, PK7) are only moderately growth-inhibitory, with PK5 the being least cytotoxic. From this study the order of toxicity of the compounds tested (PK3-PK7) on MCF7 cells was as follows: PK4 > PK3 > PK7 > PK6 > PK5; therefore, the extent of toxicity depends significantly on the nature of the polyamine chain in each compound (Table 1) .
Data from the ethidium bromide-displacement assay showed that all the compounds have significant affinity for calf thymus DNA (C 50 , 1.21-17.33 µM; where C 50 is the drug concentration required to reduce the fluorescence of initially DNA-bound ethidium bromide by 50%; Table 1 ). The order of DNA-binding strength was PK4 > PK3 > PK7 > PK6 > PK5. Compounds PK3-PK7 were found to strongly stabilize the calf thymus DNA duplex by determining the melting temperature of DNA in their presence (Table 1 ). In the absence of drugs, the T m for the DNA duplex was found to be 80.1
• C. Addition of PK3, PK4, PK5, PK6 and PK7, at a concentration of 10 µM, to the calf thymus DNA duplex increased the T m of DNA by 11.55 ± 0.56, 14.545 ± 1.59, 6.23 ± 2.45, 12.56 ± 1.84 and 16.45 ± 0.39
• C respectively. The DNA-unwinding assay determines whether the drug-DNA interaction is through intercalation. According to the model proposed by Lerman [22] , intercalation of a drug between the base pair results in physical unwinding of the DNA. This unwinding of supercoiled DNA can be detected by agarose-gel electrophoresis as a retardation of migration relative to the supercoiled DNA. However, DNA binding cannot completely account for differences in cytotoxicity, suggesting that these compounds may interact with other target sites.
Human leukaemia cells (HL-60) were treated with the most active polyamine derivatives, PK3 and PK4, as previously determined by their interaction with MCF7 cells [21] . Within 24 h of exposure, as detected by flow cytometry, both compounds induced a change in granularity and size of the HL-60 cell population. Typically, relative to negative control populations, size (forward scatter) decreased and an increase or no change to internal complexity (granularity/side scatter) was detected. Externalization of PS, detected via annexin V-FITC labelling without PI uptake, was observed and cells also possessed increased levels of active caspase-3, detected via labelling with an anti-active caspase-3 antibody (Becton Dickinson), typical of apoptosis [23] (Table 2) . Evidence of 'apoptotic' DNA degradation was also observed. PK3 and PK4 (5 and 10 µM) induced a significant increase in the proportion of cells with a sub-G 1 DNA content (Table 2) , which was accompanied by the electrophoretic detection of Table 2 Effect of bisnaphthalimides on indices of 'apoptosis' within HL-60 cells Cells (5 × 10 5 ml − 1 ) were incubated with 10 µM PK3 or PK4 and examined for indicators of apoptosis. Analyses were conducted by flow cytometry.
Cell concentrations were standardized prior to assay and 10000 events were recorded. PS exposure, assessed as annexin V-FITC labelling without concomitant PI uptake, was detected 6 and 24 h after treatment. Caspase-3 was assessed by labelling cells with an anti-active-caspase-3 antibody (Becton Dickinson) 4 and 24 h after treatment. Evidence for DNA fragmentation was provided by detection of sub-G 1 DNA content (DNA content <2 N) 3 and 24 h after treatment. Linearity and doublet discrimination were confirmed prior to analysis and aggregates were excluded from analysis via gating on FL-2 area versus FL-2 width plots. Positive controls for PS exposure and sub-G1 DNA content were provided by treating cells with etoposide (1 µM) and for caspase-3 activity by treating with camptothecin (4 µM). Data are means ± S.D. from a minimum of three independent replicates. a 'DNA ladder'. In addition, PK3 and PK4 (5 and 10 µM) treatment resulted in a rapid increase in the binding of an anti-single-stranded DNA monoclonal antibody (mAb F7-26; Bender MedSystems) to the nuclei of HL-60 cells that had been subjected to heat treatment in the presence of MgCl 2 . Possibly due to histone digestion, apoptotic DNA exhibits decreased stability towards thermal denaturation [19] . The above results strongly suggest, for the first time, that the bisnaphthalimido derivatives PK3 and PK4 exert cytotoxic effects in HL-60 cells through the induction of apoptosis. Responses were found to be time-and dosedependent, with PK4 generally inducing the greater response (Table 2) .
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Conclusions
In this work we have shown that new oxa-polyamine and bisnaphthalimide derivatives interfere with the proliferation of MCF7 and HL-60 cells. With HL-60 cells, bisnaphthalimides PK3 and PK4 exhibited clear characteristics of apoptosis as the mode of cell death and are potential candidates for development as therapeutic agents.
